Mutations in the profilin 1 (PFN1) gene cause amyotrophic lateral sclerosis (ALS), a neurodegenerative disease caused by the loss of motor neurons leading to paralysis and eventually death. PFN1 is a small actin-binding protein that promotes formin-based actin polymerization and regulates numerous cellular functions, but how the mutations in PFN1 cause ALS is unclear. To investigate this problem, we have generated transgenic mice expressing either the ALSassociated mutant (C71G) or wild-type protein. Here, we report that mice expressing the mutant, but not the wild-type, protein had relentless progression of motor neuron loss with concomitant progressive muscle weakness ending in paralysis and death. Furthermore, mutant, but not wild-type, PFN1 forms insoluble aggregates, disrupts cytoskeletal structure, and elevates ubiquitin and p62/ SQSTM levels in motor neurons. Unexpectedly, the acceleration of motor neuron degeneration precedes the accumulation of mutant PFN1 aggregates. These results suggest that although mutant PFN1 aggregation may contribute to neurodegeneration, it does not trigger its onset. Importantly, these experiments establish a progressive disease model that can contribute toward identifying the mechanisms of ALS pathogenesis and the development of therapeutic treatments.
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neurodegeneration | motor neuron disease | muscle atrophy | denervation | proteostasis A LS is a neurodegenerative disease that causes a relentless progressive loss of motor neurons, leading to progressive weakness that ends in paralysis and death (1) . Mutations in the PFN1 gene have been identified as a genetic cause for ALS (2, 3) . PFN1 is a major regulator of actin polymerization through its ability to bind actin-ADP monomers and promote the conversion of actin-ADP to actin-ATP, through transporting the actin-ATP monomers and through its interactions within formins present at the growing end of actin filaments. Additionally PFN1 binds to phosphoinositides and a large network of proteins with poly-Lproline stretches. Through these binding interactions, PFN1 regulates several cellular functions including actin dynamics, membrane trafficking, neuronal synaptic structure and activity, small GTPase signaling, and others (4) . Despite our understanding of its function, how PFN1 mutations cause motor neuron degeneration remains elusive. Some evidence implicates a loss of function in the mutants. The ALS-associated mutations cause structural instability and accumulate in cells at lower levels than the wild-type protein (5) . Mutant PFN1 binds less efficiently to actin than the wild-type protein, suggesting that the mutations compromise PFN1 function (3) . The severest mutations also are incapable of compensating for loss-of-function PFN1 mutation in yeast (6) . Other evidence supports a gain of function. Expression of mutant, but not wild-type, PFN1 inhibits filamentous actin formation and impairs growth cone function and neurite growth (3) . Furthermore, PFN1 mutants have been shown to alter stress granule dynamics in cultured mammalian cells and form cellular aggregates that may contain other proteins contributing to pathogenesis (6) .
To address this question, mammalian models may provide a direct answer, as they offer a true in vivo environment of the central nervous system (CNS), where long-term age-associated changes can occur. To this end, we have generated transgenic mice that express the C71G mutation (PFN1 C71G ) previously shown to be causative for ALS. We show that exogenous expression of the mutant protein, but not the wild-type (PFN1 WT ), causes a late onset motor dysfunction phenotype with muscle weakness that subsequently progresses to paralysis and death. Mutant mice developed a relentless progression of motor neuron degeneration in which the severity is dosedependent on the levels of mutant PFN1. Analysis of the end stage disease demonstrates common ALS hallmarks, including alteration in cytoskeleton, accumulation of ubiquitin and p62, and most importantly, depletion of motor neurons with muscle denervation and atrophy. Interestingly, motor neuron degeneration precedes the accumulation of mutant PFN1 protein aggregates. These results suggest that although aggregation may contribute to neurodegeneration, it is unlikely the trigger for motor neuron degeneration.
Results
Mutant and Wild-Type PFN1 Are Mostly Expressed in the CNS Neurons.
To investigate the mechanism of PFN1 mutant toxicity, we created six different transgene constructs. Three constructs contained the full genomic region including ∼2 kb of the 5′ promoter sequence Significance ALS is an incurable neurodegenerative disease caused by loss of motor neurons leading to paralysis and death. To understand the disease mechanism and develop therapeutics, mammalian models that phenocopy human disease are crucial. For more than two decades, transgenic animals expressing mutant copper zinc superoxide dismutase (SOD1) gene represented the only model that faithfully reproduced the human disease. Despite recent identification of new causal genes, construction of another mammalian model with progressive loss of motor neurons and concomitant clinical phenotypes has proven difficult. In this study, we have generated a transgenic mouse model by expressing mutant profilin 1. These mice replicate key features of human ALS and thus provide an in vivo system for study of disease mechanisms and development of therapeutics.
of the human PFN1 gene and expressed the wild-type (V5-PFN1 WT ) or two mutant (V5-PFN1 C71G , V5-PFN1 M114T ) proteins with a V5 N-terminal epitope tag (Fig. 1A and Table S1 ). These mutations were chosen because they were both found to segregate properly in two large ALS families, form ubiquitinated insoluble aggregates when expressed in cells, inhibit axon outgrowth, and reduce F/G-actin levels and size within the growth cone of primary motor neurons. No mice generated from these construct expressed exogenous levels of mutant PFN1 protein above endogenous mouse PFN1 protein levels nor displayed symptoms of ALS (Table S1 ). Subsequently, we developed two additional constructs expressing either mutant V5-PFN1 C71G or V5-PFN1 WT driven by the mouse prion promoter (Prp) and a third construct expressing mutant V5-PFN1 C71G driven by the human Thy1.2 promoter (Fig.  1A) . Both of these promoters have been used in the development of transgenic models of ALS and other neurodegenerative diseases (7, 8) . After screening, we obtained two wild-type lines and two mutant lines that expressed exogenous PFN1 protein at levels higher than the endogenous mouse PFN1 in the CNS (Fig. 1B and  Table S1 ). A survey of major CNS areas and peripheral organs by Western blot demonstrated that all four lines expressed the exogenous PFN1 predominantly in the CNS with minimal expression in the periphery (Fig. 1B) .
Because our transgenic lines were based on expression driven by two different promoters (Prp and Thy1.2), we investigated the cell-type expression of the exogenous gene in each line by double immunofluorescence staining in the spinal cord sections. In Thy1.2-PFN1 C71G mice, the exogenous protein was expressed in ChATpositive motor neurons but not in small neurons, oligodendrocytes, astrocytes, or microglia (Fig. S1A) . Further quantification in the ventral horn revealed exogenous expression in ∼60% of ChATpositive (Fig. S1D) and ∼30% of NeuN-positive neurons (Fig. S1E) . Among the ChAT-positive neurons, the average diameter of those that expressed mutant PFN1 was ∼50% larger than those that did not express the mutant protein (Fig. S1F) , suggesting that Thy1.2 expression is primarily in the largest motor neuron population. In the Prp-PFN1 C71G mice, the exogenous protein was expressed in more neurons, including both ChAT-positive and ChAT-negative neurons (Fig. S1B ). Similar to Thy1.2-PFN1 C71G mice, the exogenous protein was not detected in oligodendrocytes, astrocytes, and microglia (Fig. S1B) . Expression was observed in ∼80% of NeuNpositive neurons that included all ChAT-positive neurons (Fig. S1 D and E). The Prp-PFN1 WT mice displayed a similar pattern of expression as the Prp-PFN1 C71G mice. In summary, these results demonstrate that mutant PFN1 driven by the Thy1.2 promoter is expressed in the largest α motor neuron population, whereas the transgene expression is broader in Prp-PFN1  C71G and PrP-PFN1 WT mice, including both motor and nonmotor neurons.
Expression of Mutant PFN1 Induces ALS Phenotype in a Dose-Dependent
Manner. Of the two mutant lines, the Prp-PFN1 C71G line did not develop any ALS phenotype up to the age of 700 d. In contrast, all Thy1.2-PFN1 C71G mice began to show slight weakness (Materials and Methods) at an average age of ∼350 d (n = 5) and become paralyzed at 421 ± 52 d (mean ± SD; Fig. 2 A and B and Movie S1). One possible explanation for the difference in phenotype between Thy1.2-PFN1 C71G and Prp-PFN1 C71G is that the disease phenotype is dependent on the level of mutant PFN1, which must exceed a disease-triggering threshold. This hypothesis was supported by Western blot analysis of the spinal cord, which displayed a ∼40% increase in exogenous expression in the Thy1.2-PFN1 C71G line relative to the Prp-PFN1 C71G line ( Fig. 1 C and D) . This result may be further underscored by our observation that Thy1.2 promoter expression is primarily in motor neurons, whereas Prp promoter expression is broader, including both motor and nonmotor neurons.
To further investigate this hypothesis, we crossed the transgenic lines to produce homozygote mice in an effort to further increase expression of the PFN1 C71G transgene. The crosses within the Prp-PFN1 C71G line did not yield any homozygotes, suggesting this genotype is lethal. In contrast, Thy1.2-PFN1 C71G homozygous mice resulted in a 50% increase in exogenous expression relative to the hemizygous mice (Fig. 1D, C71G expression resulted in a more severe phenotype with mice displaying weakness at ∼295 d and par at 305 ± 34 d (n = 6) ( Fig. 2B and Movie S3). Lastly, we generated triple transgenic mice with a Thy1.2-PFN1 C71G homozygous and Prp-PFN1 C71G hemizygous genotype. These mice expressed the highest levels of exogenous protein ( Fig. 1 C and D) and developed the disease most rapidly at ∼140 d, with par at 211 ± 25 d (n = 19) ( Fig. 2B and Movie S4). Both males and females showed the same pattern of disease progression (Fig. S2A) . Taken together, these results suggest that the severity of disease phenotype of the PFN1 C71G mice is correlated with the expression of the exogenous mutant protein. In contrast to the mutant PFN1 mice, none of the PFN1 WT mice from the two transgenic lines developed ALS up to the age of 700 d or older, even though their expression levels were similar to the highest mutant expression levels ( Fig. 1 C and D and Fig. S2A ). Because the homozygous Thy1.2/heterozygous Prp-PFN1 C71G mice develop the most severe phenotype, we concentrated our successive analysis on this line. Subsequently, these mice will be referred to as PFN1 C71G mice. To better illustrate the progressive nature of the motor dysfunction, we quantified several motor behaviors, including rotorod, the home cage vertical behavior (rearing, jumping, hanging on the cage top and coming down), body weight, and grip strength. In all of these measures, the PFN1 C71G mice initially performed similar to the nTg and PFN1
WT controls but succumbed to progressive weakness beginning at ∼121-150 d and ending eventually in paralysis ( Fig. 2 and Fig. S2B ). In contrast, stable performances were observed in the nTg and PFN1
WT controls (Fig. 2 ). These results demonstrate that the phenotype observed in the mutant PFN1 mice is late-onset and progressive, similar to progression of ALS observed in humans.
The Mutant PFN1 Mice Develop Progressive Loss of Spinal Motor
Neurons. To determine the pathological basis for the progressive motor dysfunction phenotype, we examined the spinal cord. Immunostaining for the V5 epitope revealed similar expression patterns in PFN1 C71G and PFN1 WT mice. In both, the transgenes were expressed widely in the gray matter of the spinal cord (Fig. S3A) . Based on the cell-type identification described earlier, the exogenous expression was located in neurons (including motor neurons) and their surrounding neuropils but not in glia (Fig. S1 ). Quantification of V5-staining intensity showed that motor neurons express similar levels of transgenes in the PFN1 C71G and PFN1 WT mice ( Fig. S3B ).
To determine whether mutant PFN1 expression caused motor neuron degeneration that consequently led to the progressive motor phenotype, we examined the ventral horn of the spinal cord for microgliosis and astrogliosis commonly associated with neurodegeneration in the CNS. We found that both microgliosis and astrogliosis were increased and motor neurons were reduced in the lumbar spinal cord at the end stage of the disease compared with age-matched nTg controls ( Fig. 3 A and B) . Quantification of ChAT-positive neurons in the cervical spinal cord confirmed an overall reduced number of motor neurons in the ventral horn beginning at the "Wk stage" of the disease (Fig. 3 C and D) .
To determine whether a progressive motor neuron loss underlies the clinical phenotype, we quantified the axons in the spinal ventral roots from mice at different disease stages. At the presymptomatic (presym) stage (before 120 d of age), the axons were largely intact and the numbers were similar to the nTg and PFN1
WT controls (Fig. 4 A and C) . However, during the late period of the presym stage between 100 and 120 d, there was a marked increase in the number of degenerating axons (Fig. 4 A and E), although the overall intact axon numbers displayed only a modest decline relative to controls (Fig. 4C) . Subsequently, as the weakness of the PFN1 C71G mice progresses, the degenerating axons appear in the ventral root at a constant rate (Fig. 4 A and E), leading to a progressive loss of axons (Fig. 4C) . In contrast, the nTg and PFN1
WT mice display stable axon numbers during aging (Fig.  S4) . Consistent with the motor neuron degeneration, an increase in muscle denervation (Fig. 5 A and B) , muscle atrophy, and fiber type grouping (Fig. 5C ) was observed in PFN1 C71G mice. These observations further demonstrate that motor neuron degeneration is lateonset and progressive, recapitulating the progression in human ALS patients.
In addition to motor neuron degeneration, axon degeneration in the dorsal root was observed in PFN1 C71G mice (Fig. 4 B  and D) . However, the progression of the dorsal root degeneration lagged behind the motor axons (Fig. 4) . Not surprisingly, V5 staining revealed that mutant PFN1 was expressed in dorsal root ganglion (DRG) neurons in the parent lines of PFN1 C71G mice (Fig. S5) . Furthermore, there was an increased axon degeneration in white matter of the spinal cord (Fig. S6) . The degeneration was mild in the lateral column ( Fig. S6 A and D) but more severe in the ventral column ( Fig. S6 B and E) . The latter is likely associated with motor axon degeneration. Noticeably, however, there was little observable axon degeneration in the cortical spinal track (CST) in the dorsal column ( Fig. S6 C and F) . WT and PFN1 C71G mice. Both expressed their respective transgenes widely in the cerebral cortex, hippocampus, cerebellum, and brainstem (Fig. S7 ), but neither expressed the transgene in cerebellar Purkinje cells (Fig.  S7 ). An obvious difference between the two mouse lines is that whereas PFN1
WT mice expressed their transgene in the molecular layer of the cerebral cortex, PFN1 C71G mice displayed little expression in this area (Fig. S7, cortex, layer I) .
Cresyl violet staining of the PFN1 WT and PFN1 C71G mice did not reveal any obvious signs of neurodegeneration or neuronal loss in the cerebral cortex, hippocampus, and cerebellum (Fig.  S8) . However, PFN1 C71G mice displayed increased cellulation in the medulla, suggesting neuroinflammation and neurodegeneration in this area (Fig. S8) . To confirm these observations, we stained the brain for GFAP. We detected no obvious changes in the cortex, hippocampus, and cerebellum of PFN1 C71G mice compared with nTg and PFN1 WT mice (Fig. S9) . However, a significant increase in GFAP staining in the medulla of the mutant mice was observed (Fig. S9) , thus confirming the presence of neurodegeneration in this area. Overall, this evidence suggests that PFN1 C71G mice develop neurodegeneration primarily in areas occupied by lower motor neurons.
Cytoskeleton Disorganization, Protein Aggregation, and Proteostress.
To determine whether PFN1 C71G mice share the common cellular features of ALS (9, 10), we examined cytoskeletal disorganization, protein aggregation, and proteostasis disturbances (proteostress) by double immunofluorescence staining for V5 and various markers. Staining for V5 and neurofilaments revealed that motor neurons in nTg and PFN1
WT mice contained filamentous networks that spread throughout the cell body and extended as bundles into neuronal processes (Fig. 6A) . In contrast, in PFN1 C71G mice, motor neurons with reduced expression of neurofilaments were observed (Fig. 6A, filled arrow) . Additionally, a circular distribution of neurofilaments around the cell periphery and a lack of a wellspread filament network were observed in some motor neurons (Fig. 6A, arrowhead) .
The distribution of the wild-type and mutant PFN1 protein also showed distinct differences. PFN1
WT distribution was generally diffuse throughout both the nuclei and cytoplasm (Fig. 6A) . In contrast, motor neurons in PFN1 C71G mice displayed widespread small particulates in the cytoplasm and neuronal processes (Fig. 6A, barbed arrows) . A small fraction of motor neurons (∼1-2%) also formed large aggregates (Fig. 6A, open arrow) . Thus, similar to other ALS-associated mutant genes, such as SOD1, TDP-43, and FUS (11), the PFN1 C71G mutation also leads to protein aggregation.
In neurodegeneration, the presence of protein aggregates is commonly associated with disturbances of proteasome and autophagy systems. To examine this in PFN1 C71G mice, we stained spinal cord sections by double immunofluorescence using antibodies against V5 and ubiquitin. We observed similarly low staining intensity of ubiquitin in both nTg and PFN1
WT mice (Fig. 6B ). In contrast, strong ubiquitin staining was observed in motor neurons and some neuropils in PFN1 C71G mice (Fig. 6B) . The ubiquitin staining appeared in a widespread particulate pattern in motor neurons and overlapped with the particulates from the V5 staining (Fig. 6B, long arrows) . Large spots, which were very brightly stained for both ubiquitin and V5, were often observed (Fig. 6B, short arrow) . These appeared to be collapsed cells because DAPI-positive DNA was associated within these structures (Fig. 6B, Inset) .
We also examined p62/SQSTM expression because it functions in autophagy and is often misregulated in ALS. Similar to ubiquitin, we observed low staining intensity of p62 in both nTg and PFN1 WT mice (Fig. 6C) . In contrast, p62 signal was elevated in the motor neurons of PFN1 C71G mice (Fig. 6C) . The p62 staining also appeared as small particulates throughout the cytoplasm of motor neurons. In some instances, intensely stained p62 spots were colocalized with the PFN1 C71G aggregates (Fig. 6C, arrows) . Taken together, these observations suggest that mutant PFN1 expression causes severe proteostress in motor neurons.
Protein Aggregates Are a Lagging Indicator of Neurodegeneration.
We further investigated the protein aggregation of PFN1 C71G and its roles in motor neuron degeneration through centrifugation of spinal cord homogenates. Strong V5 signal was detected in the spinal cord pellets of PFN1 C71G mice. In contrast, no signal was observed in the pellets from the nTg mice and only a very weak signal in the pellets from PFN1 WT mice (Fig. 7A ). In addition, we detected a dramatic increase in polyubiquitined, high-molecular weight protein species in the spinal cord pellets from end-stage PFN1 C71G mice tissue but not from similarly aged control mice (Fig. 7B) . To determine how protein aggregation evolved during the disease progression, we used a filter trap assay (Materials and Methods) to track changes in protein aggregates at different stages of the disease. PFN1 C71G aggregates were clearly visible at day 127, during the swk stage and gradually accumulated along the disease progression peaking at the end stage ( Fig. 7 C and D) . In contrast, this accumulation of aggregates was absent in nTg and PFN1 WT mice ( Fig. 7 C and D) . Surprisingly, compared with the onset and progression of motor axon degeneration (Fig. 4E) , the accumulation of aggregation lags behind, especially at the early stage (101-120 d of age; compare Fig. 7D with Fig. 4E ). This result suggests that the mutant PFN1 aggregates are not the initial trigger of motor neuron degeneration.
Discussion
We report that expression of ALS-associated mutant PFN1 in mice caused relentless progression of motor neuron loss, a cardinal feature of ALS (Figs. 3 and 4) . Concomitant with the motor neuron loss was a progressive motor weakness ending in paralysis and death (Fig. 2) and skeletal muscle denervation and atrophy (Fig. 5) . Furthermore, we show that expression of mutant PFN1 caused protein aggregation (Figs. 6 and 7 ) disruption of the neurofilament network and an increase in ubiquitin and p62/ SQSTM levels in motor neurons (Fig. 6 ) similar to the human ALS pathology (12) (13) (14) (15) (16) . These results establish a progressive disease model for ALS. To our knowledge, the only other transgenic mouse model that shares these features is the transgenic mice that express mutant SOD1 (17) .
It is unlikely that the ALS phenotype of this model is caused by gene disruption from the insertion of the transgene rather than from the transgene expression because the former would require the transgene, by a random chance, to be inserted in a gene whose heterozygous loss-of-function leads to the phenotype as shown in Thy1.2-PFN1 C71G mice. Additionally, this possibility would require that the phenotype be modifiable by another independently constructed line, Prp-PFN1 C71G , in a manner that is consistent with the enhanced ALS phenotype shown by double hemizygous and triple transgenic PFN1 C71G mice. Given these considerations, the simplest interpretation of our results is that the expression of the mutant PFN1, rather than a disruption of an unknown gene by the transgene insertion, is the cause for the ALS phenotype observed in this model. Despite a dramatic increase in the number of causal genes identified and numerous attempts at expressing these genes in mice to model the disease in recent years, the only widely used mammalian model for ALS research remains to be the mice expressing the mutant SOD1 gene, a model generated more than two decades ago (17) (18) (19) (20) . This situation underscores the difficulty in constructing mammalian models that closely approximate the key features of ALS, namely the late-onset, progressive loss of motor neurons leading to clinical progression from motor weakness and paralysis to death. The lack of mammalian models alternative to the mutant SOD1 model has hindered the understanding of how the disease develops, particularly at the early disease stages. Furthermore, this has prevented verification and generalization of the findings from the mutant SOD1 models with regard to the mechanism of motor neuron degeneration and therapeutic strategies. The progression of motor neuron loss with concomitant progressive muscle weakness ending in paralysis and death of our mutant PFN1 model fills this gap.
In both PFN1 and SOD1 models, only the mutant, but not the wild type, causes motor neuron degeneration when expressed at comparable levels. Furthermore, for both models, the disease severity is correlated with the mutant expression levels (Figs. 1 B and C and 2B) (18, 19) . Higher expression of mutant protein results in a more severe disease phenotype and shorter lifespan of the mice. These characteristics are consistent with a gain-offunction type of gene toxicity, which has been well established for mutant SOD1 (21) . However, in the case of PFN1, we cannot yet rule out the possibility that mutant PFN1 causes toxicity by a dominant-negative mechanism, whereby the mutant inhibits endogenous PFN1 function. Because PFN1 function is essential for cells (4), a compromised PFN1 function in neurons could lead to their demise. Further experiments will be required to differentiate between the gain of novel toxicity and dominant-negative inhibition of the PFN1 function.
In neuropathology, the most striking similarity between the mutant PFN1 and mutant SOD1 models is the relentless progression of motor neuron degeneration. In both mice, the degeneration is late-onset, begins in mature animals and progresses to >50% loss of motor neurons at the paralysis stage (Figs. 3 and  4) (22) . Cytoskeletal disturbances, mutant protein aggregates, and ubiquitin and p62 positivity are also common features in both models and human ALS (Figs. 5-7) (10, 16, (23) (24) (25) . Given that both mutant proteins are unstable and prone to unfold, misfold, and aggregate and that both activate protein quality control systems in vivo (Figs. 5-7) (5, 11, 26), our results suggest that these mutants cause toxicity, in part, by overwhelming the cellular protein quality control system, thereby disrupting proteostasis on which cellular functions rely. Further research will be required to fully understand the shared common mechanisms as well as distinct characteristics of these two mutant genes. Two decades of research have accumulated a wealth of data regarding the effects of mutant SOD1 on motor neurons. Numerous mechanisms are proposed for the mutant SOD1 to drive motor neuron degeneration, including mitochondrial damage, oxidative stress, chaperon dysfunction, impaired axonal transport, Golgi and ER stress, glial cell toxicity, excitotoxicity, neuroinflammation, apoptosis, necroptosis, and others (27) . Establishing which of these processes are contributing to the mutant PFN1 toxicity remains to be further investigated.
In addition to motor neuron degeneration, we also observed degeneration of DRG neurons (Fig. 4) , likely caused by the mutant PFN1 expression in DRG neurons (Fig. S5) . This observation indicates that mutant PFN1 toxicity is not specific to motor neurons and suggests that neurons are at risk for degeneration as long as they express sufficiently high levels of the mutant gene. The nonneuron type-specific mutant toxicity is common to gene mutations as demonstrated in a vast variety of model systems as well as in patients. For example, mutant SOD1 toxicity has been shown in neurons outside of the primary motor system in the dorsal root ganglia, midbrain, and brainstem (28) (29) (30) (31) . Likewise, neurodegeneration has been shown to occur in nonmotor neuron cell populations including DRG neurons in ALS patients, albeit the degeneration develops later than motor neurons during the disease progression (32) . Thus, our observation that the motor neurons degenerate more rapidly than the DRG neurons in the PFN1 mutant mice (Fig. 4) is consistent with the notion that motor neurons are more vulnerable than other types of neurons in ALS.
A common feature of the mutants associated with neurodegeneration is a heightened propensity for protein unfolding, misfolding, and aggregation (11) . However, the question of whether protein aggregation is toxic or benign or even protective has not been settled (33) . Although many studies associate protein aggregation with neurodegeneration (34, 35) , recent studies suggest that protein aggregation is neuroprotective (36) (37) (38) . In this study, we took advantage of the progressive in vivo model and examined the accumulation of protein aggregates along the disease progression. The results demonstrate that protein aggregation lags behind motor neuron neurodegeneration (compare Fig. 4E with Fig. 7 C and D) . Whereas neurodegeneration accelerated early at the disease onset (Fig. 4E, 101-120 d of age) , protein aggregation was not detectable (Fig. 7 C and D, 101-120 d of age) . The peak accumulation of protein aggregation occurred at the end stage ( Fig. 7 C and D) . However, by this disease stage, the motor axon degeneration began to diminish, most likely due to the exhaustion of surviving axons (Fig. 4E ). These data demonstrate that protein aggregation is a lagging indicator of motor neuron degeneration and therefore probably not the initial trigger of motor neuron degeneration.
In summary, we have constructed a mammalian model for ALS by expressing mutant PFN1. This model replicates the key features of ALS including adult-onset, progressive motor neuron loss accompanied with progressive motor weakness ending in paralysis and death. Additionally, this model shares many other features with human ALS and with mouse models expressing mutant SOD1, including protein aggregation, cytoskeletal disruption, and accumulation of ubiquitin and p62. Finally, by examining the timing of motor neuron degeneration and protein aggregation during the disease progression, we demonstrate that protein aggregation is a lagging indicator of motor neuron degeneration. These results establish an in vivo model for ALS, which can be used to test mechanistic and therapeutic hypotheses.
Materials and Methods
Transgenic Mice. The cDNAs encoding human PFN1 C71G and PFN1 WT with N-terminal V5 tag were cloned into the XhoI site of the MoPrp.Xho plasmid (ATCC#JHU-2) or mouse thy1.2 plasmid (gift from Joshua Sanes, Harvard University, Cambridge, MA; Addgene plasmid 20736). After sequence verification and tests in cultured cells, the Prp-V5-PFN1 and Thy1-V5-PFN1 constructs were linearized by digestion using PvuI with either Not1 or EcoRI, respectively. The linearized plasmids were used to make the transgenic mice by pronuclear injection into embryos from the FVB/NJ strain. The founder mice were screened by PCR using the forward (GTAAGCCTATCCCTAACCCT) and reverse (TTGAAAGAGCTACAGGTGGA) primers for Prp-V5-PFN1 or forward (CGACGCGTACCGGTTTCGAA) and reverse (ACAGTGACATTGAAGGTG) primers for Thy1.2-V5-PFN1. The positive founders where bred with wild-type FVB/NJ mice and the offspring were killed to determine their expression of the transgene. The lines were terminated if 3-5 animals from the line showed no detectable transgene expression. The lines with the highest expression were maintained by breeding with wild-type FVB/NJ mice.
By Grip strength. Transgenic animals and age-matched controls were tested for grip strength of four limbs using a force meter (Columbus Instruments) at different time points. Mice were allowed to grasp on a wire grid with their four paws and were then gently pulled back with steady force until they were unable to hold on to the grid. Peak tension was recorded for each of the five consecutive trials, and the best performance was recorded as the grip strength on the trial day.
Accelerating rotorod. Mice were tested for time on an accelerating rotorod (linear ramp from 12 rpm to 72 rpm in 5 min) at different ages. Three trials were administered in each test. Mice were allowed to have at least 10 min rest between the trials. The best performance among the three trials was recorded as the performance at each age point. HomeCageScan. The HomeCageScan system (Clever Systems) was used to continuously monitor mice behavior in their home cage. A single mouse was housed in polycarbonate cages with minimal bedding (about 200 mL). A digital video camera was mounted on one side of the wall. Each mouse was recorded for 24 h, with 12 h daylight and 12 h dim red light, and then returned to its cage with its littermates. Video data were analyzed by HomeCageScan software to quantify verticals, measuring rearing up, jumping, and hanging on the cage top and coming down.
Immunoblotting. Mice under deep anesthesia were decapitated. Tissues were quickly harvested, snap-frozen in liquid N 2 , and stored at -80°C. For protein preparation, frozen tissues were homogenized in a homogenization solution [25 mM phosphate pH 7.2, 1 mM EGTA, 1% (wt/vol) SDS, 0.05% (vol/vol) Triton X-100, protease inhibitor mixture; Thermo Scientific] and heated at 95°C for 5 min. After clearing by centrifugation, the protein concentration was measured using BCA assay (Pierce). The samples were heated in Laemmli buffer, and equal amounts of protein were loaded and resolved by SDS/ PAGE. After transfer to nitrocellulose membranes, blots were blocked with 5% (wt/vol) nonfat dry milk in PBST [0.25% (vol/vol) Triton X-100 in PBS, pH 7.4] for 1 h followed by incubation with primary antibodies overnight at 4°C. Blots were then incubated with horseradish peroxidase-linked secondary antibodies to rabbit or mouse (GE Healthcare) in PBST with 5% (wt/vol) dry milk for 1 h at room temperature (RT). The source of primary antibodies and dilutions were as follows: GAPDH (Sigma, G9545, 1:10000), PFN1 (Sigma, P7749, 1:1,000), Ubiquitin (Chemicon/Millipore, #05-944, 1:2,000), and V5 (Bethyl Laboratories, A190-119A, 1:1,000). Membranes were washed three times and proteins were visualized using ECL (Pierce) reagent and detected by the LAS-3000 imaging system (Fujifilm).
Sedimentation and Filter Trap Assays. For the sedimentation assays, mouse lumbar spinal cords were homogenized using a handheld polytron for 20 s in lysis buffer [50 mM Tris·HCl, 150 mM NaCl, 1% (vol/vol) Triton X-100, 5 mM EDTA] with proteinase inhibitor mixture (1:100 dilution, P 8340; Sigma). The homogenates were centrifuged at 12,000 × g at 4°C for 5 min. The pellets were rinsed three times with the lysis buffer and resuspended by homogenization using a handheld polytron. The homogenates were centrifuged at 12,000 × g at 4°C for 5 min, and the pellets were resuspended in 1× Laemmli buffer (one-fifth of the original lysis buffer volume). The protein concentration was determined in the supernatants using BCA method (Pierce). Twenty micrograms of protein from the supernatant were mixed with 2× Laemmli buffer. The supernatant sample and an equivalent volume of pellet sample were heated at 95°C for 5 min, cleared by centrifugation, and then resolved by SDS/PAGE. The gel was then immunoblotted as described above. For the filter trap assay, the spinal cord homogenates that were prepared in the lysis buffer as described above were assayed for their protein concentration. Two hundred and fifty micrograms of protein were diluted with 10 volumes of PBS (pH 7.4) containing 1% (wt/vol) SDS. The solution was sonicated (70 W, 50% output, 30 s) and then filtered under vacuum through acetate membranes (0.2 mm pore size; Schleicher and Schuell) using a 96-well dot-blot apparatus (Bio-Rad). Each well was washed twice with PBS and the proteins on the membranes were detected by V5 or PFN1 antibodies by immunoblotting as described above. The staining intensity was quantified using ImageJ software (National Institutes of Health), and the intensity ratios between the transgenic mice and nTg mice were then calculated. The value for each group was the average from three to five animals.
Immunofluorescence and Immunohistochemistry. Mice under deep anesthesia were transcardially perfused with cold PBS followed by 4% (wt/vol) paraformaldehyde in PBS. The perfused mice were then immersed in the same fixative at 4°C for another 24-48 h. After fixation, tissues were immersed in PBS containing 30% (wt/vol) sucrose at 4°C for 2-3 d. Tissues were then frozen in optimal cutting temperature (OCT) freezing media (Sakura) and stored at -20°C. Frozen sections were cut at 20 μm using a cryostat. For quantification of V5 signal intensity in motor neurons, sections were doubly stained for the V5 epitope tag and ChAT. After staining, the cells were visualized and photographed using a confocal microscope. The cells in the cortex or ventral horn of the spinal cord were measured for their fluorescence intensity using the Nikon NIS Elements software. For each cell, the average fluorescence intensity was calculated. Cells from at least five different sections from each mouse for three or more mice per genotype were measured.
For immunohistochemistry, sections were washed three times in PBS containing 0.25% (vol/vol) Tween 20 and then stained following the manufacturer's instructions for Vectastain ABC kit, Elite PK-6100 standard ImmPact tm DAB peroxidase Substrate kit SK-4105 (Vector Lab). The sections were then mounted on slides and dried overnight at 55°C. After soaking in Xylene twice for 2 min each, the slides were sealed with Permount (Vector Lab).
Visualization and Quantification of Neurodegeneration. For visualization of ventral root axons, mice were fixed by transcardial perfusion using 4% (wt/vol) paraformaldehyde and 2.5% (wt/vol) glutaraldehyde in 0.1 M sodium cachodylate (pH 7.6). Tissues were further fixed by soaking in the same fixative at 4°C for 24 h. L5 roots attached to dorsal root ganglia were dissected and postfixed with 2% (wt/vol) osmium tetroxide in 0.1 M sodium cachodylate (pH 7.6), dehydrated in a graded ethanol series, and embedded in EponAraldite resin. Sections of 1 μm were stained with toluidine blue and examined and photographed by light microscopy.
For quantification of ventral horn motor neurons, lumbar enlargement of the fixed spinal cords was sectioned on a cryostat at 20 μm thickness. Every other section was collected until a total of 10 or more sections were collected from each spinal cord. The sections were stained with goat anti-ChAT antibody at 4°C overnight. A secondary donkey anti-goat biotinylated antibody and a Vectastain ABC and DAB peroxidase Substrate kit (Vector Lab) were used to reveal motor neurons. Images of the spinal cord sections were taken using a Nikon microscope, and motor neuron numbers in the ventral horn region were counted manually from each section.
For muscle histology, fresh specimen isolated from gastrocnemius muscle was inserted vertically ∼two-thirds into ice-chilled 10% (wt/vol) gum tragacanth in a small plastic container, which was maintained on ice for 10-20 min. The specimen was then frozen by immersing into liquid nitrogen (with both muscle and gum tragacanth together) for about 10 s and then stored at -80°C. The frozen tissue was sectioned using a cryostat and stained with Hematoxylin & Eosin (H&E). For SDH staining, the frozen muscle sections were incubated in SDH incubation medium [0.1 M Sodium Succinate, 0.1 M phosphate buffer (pH 7.6), 0.1% Nitro-Blue Tetrazolium) for 1 h at 37C, washed with water for ∼1 min, and mounted in glycerin with coverslips.
Visualization and Quantification of Neuromuscular Junctions. Animals are euthanized via an overdose of isoflurane and then transcardially perfused with PBS for 2 min followed by 4% (wt/vol) paraformaldehyde for 5 min. Gastrocnemius muscles were dissected out and placed in 1.5% (wt/vol) paraformaldehyde for 24 h at 4°C. The muscles were then washed with PBS for 30 min at 4°C and placed in 25% (wt/vol) sucrose overnight at 4°C. Muscles were embedded in OCT medium, frozen rapidly, and stored at -80°C. Sections were cut at 35 μm thickness using a Leica Cryostat, placed on Superfrost Plus slides, and stored at -80°C. Slides were allowed to defrost for 30 min before use. Slides were washed three times with PBS for 5 min and then three times with 0.4% (vol/vol) Triton X-100 for 5 min. Sections were blocked using 10% (vol/vol) donkey serum in PBS for 3.5 h at RT. A primary antibody solution of rabbit anti-synaptophysin (ThermoFisher, 1:1,000) and rabbit anti-Neuronal class III Beta-Tubulin (Biolegend, 1:1,000) diluted in blocking solution was applied for 24 h at 4°C. Slides were washed again with PBS. A secondary antibody solution of Alexa488nm-labeled Donkey anti-rabbit (ThermoFisher, 1:500) and Alexa-555nm α-Bungarotoxin (ThermoFisher, 1:500) diluted in PBS was applied overnight at 4°C in the dark. Slides were imaged on a Nikon microscope. Neuromuscular junctions were then counted and quantified as innervated or denervated based on nerve occupancy of the endplates. Those with >50% occupancy were counted as innervated and those with <50% were counted as denervated.
